Recent developments in the field of metamaterials have revealed unparalleled opportunities for ''engineering'' space for light propagation; opening a new paradigm in spin-and quantum-related phenomena in optical physics. Here we show that unique optical properties of metamaterials (MMs) open unlimited prospects to ''engineer'' light itself. We propose and demonstrate for the first time a novel way of complex light manipulation in few-mode optical fibers using optical MMs. Most importantly, these studies highlight how unique properties of MMs, namely the ability to manipulate both electric and magnetic field components of electromagnetic (EM) waves, open new degrees of freedom in engineering complex polarization states of light at will, while preserving its orbital angular momentum (OAM) state. These results lay the first steps in manipulating complex light in optical fibers, likely providing new opportunities for high capacity communication systems, quantum information, and on-chip signal processing.
M
any ways to increase optical communication capacity are already being used to achieve 100 Tb/s, including novel modulation formats, time and wavelength division multiplexing, and linear polarization states [1] [2] [3] [4] [5] . The only remaining unused dimension is the spatial degree of freedom. As a result, space division and/or mode division multiplexing emerge as the remaining breakthrough technologies [6] [7] [8] [9] . The central idea of these approaches is transmitting data using multiple orthogonal propagation modes of a multi-core fiber or multimode fiber. To date, the first attempts to realizing these approaches were to design specialty fibers [10] [11] [12] . Despite all the impressive progress in this direction, the continuously growing demand for ultra-fast, compact, alloptical signal processing and further increase in network capacity necessitates the quest for fundamentally new ways of light manipulation using yet unexploited degrees of freedom.
Here we propose and demonstrate for the first time a novel way of light manipulation in existing commercially available optical fibers. The key idea of our approach is to combine the advantages of three very different but remarkably complimentary technologies: i) few-mode optical fibers as a transmission medium, ii) structured light, or light with nontrivial states of polarization and orbital angular momentum (OAM), and iii) optical MMs, offering unparalleled opportunities for light manipulation.
Why few-mode fibers? Until now, implementation of mode multiplexing in the existing long-haul optical fiber systems has been hindered by the fact that these systems are based on single-mode fibers at the commonly used near-infrared wavelengths. However, the same fibers support a few or multiple modes at visible wavelength.
Why use structured light? As mentioned above, the only remaining unused dimension that could further boost the capacity of future communication systems is the spatial degree of freedom. This includes cylindrical vector beams (CVB) with nontrivial polarization states, including radially and azimuthally polarized beams and light carrying the OAM. The inherent orthogonality of the modes with different OAM allows them to be multiplexed and demultiplexed efficiently. OAM multiplexing is also compatible with polarization-and wavelength-multiplexing. The first steps in this direction date back to early 2000s when it was shown that the entanglement of OAM states could be used for quantum 13 and classical communications 14 . One of the major challenges in exploiting OAM is that the complete set of fiber eigenmodes should be independently addressed at the transmitter and extracted at the receiver and most mode coupling effects inside the fiber should be solved. While several impressive initial results were reported on propagation of either CVBs or OAM modes in specially designed fibers, the question is whether unique properties of CVBs and OAM modes could be combined to ensure stable propagation of such beams in a conventional few mode fiber. Although we do not answer this question yet, as a first step we investigate how such modes can be coupled, manipulated and outcoupled using on-fiber MMs based components.
This brings us to the question that inspired this study: can we use the unparalleled opportunities offered by optical MMs to manipulate structured light in an all-fiber environment? Here, we show the first steps towards the development of MMs fabricated on the input and/or output ends of the fiber enabling efficient coupling and manipulation of structured light propagating in a few-mode fiber.
Metamaterials have attracted a lot of attention recently because of the possibilities offered by their unusual properties such as negative index of refraction and magnetism at optical frequencies [15] [16] [17] [18] [19] . To date, the majority of studies have focused on plane wave or Gaussian beam propagation in MMs 20 . However, optical interactions of structured light, such as radially or azimuthally polarized vector beams, spiraling beams -optical vortices, and other beams carrying spin and orbital angular momenta, with optical MMs are largely unexplored. The vector nature of light-matter interactions is of significant interest from both fundamental and application viewpoints, including data storage, optical communications, materials sciences, and astronomy. On the other hand, vortices have been discovered in many different areas of physics, including such diverse fields as photonics, plasma physics, fluid dynamics, or atmospheric physics. In particular, optical applications of these fascinating states of light include optical tweezers used to manipulate small particles or biological cells 21 , nanofabrication, where the vortices helicity is transferred to metal producing chiral metal nanoneedles 22, 23 , and finally, in astronomy for the observation of very dim objects near very bright objects, such as extrasolar planets near their host star 24, 25 . Recent developments in the field of MMs and transformation optics have enabled several paradigm shifts in modern photonics including magnetism at optical frequencies, backward waves, unprecedented control over light propagation through the "engineering" of space for light and more recently the light itself [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] .
In this study we demonstrate unique opportunities for vector vortex beam manipulation using fiber-integrated magnetic MMs. First of all, it should be noted that the magnetic susceptibility of most natural materials is very small compared to the dielectric susceptibility of these materials, thus limiting the interaction of atoms to the electric component of the electromagnetic (EM) wave, leaving the magnetic component largely unexploited. As a result, the magnetic permeability, m, is close to 1 for many naturally existing materials. Magnetism is particularly weak at optical frequencies because the relaxation times of paramagnetic and ferromagnetic processes are significantly longer than the optical period, and thus the electron movement in atoms is the only mechanism for the magnetic response. As a result, the magnetic field component is usually not involved in light-matter interactions. Such extremely weak magnetism is mainly due to limitations of the material properties imposed by their constituent components 2 atoms and molecules. On the contrary, MMs are built of so-called ''meta'' atoms that are properly engineered resonant nanostructures that enable the realization of, in principle, any values of magnetic permeability.
Results
Magnetic MMs were fabricated on the transverse cross section of a SM800 fiber that is a ''few-mode fiber'' at 633 nm and consisted of the periodic three-layered Ag-LiF-Ag nanostripes made using focused ion beam (see Supplementary information for details on deposition and patterning). The entire cross-section of the fiber was covered by the metal-dielectric-metal multilayer and the pattern was made such that it completely covered the fiber core (shown by black circle in Fig. 1a ), ensuring that all light coupled to the core interacts with the MMs and no light is transmitted through the unpatterned area. Figure 1 (b) shows a schematic of the cross-section of two nanostrips and two distinct orientations of linearly polarized light. The incoming wave is said to be TM polarized if the wave vector k is pointing down as shown on Fig. 1(b) , the incident electric field E is parallel to the cross-section of the nanostrips, and the incident magnetic field H is perpendicular to the plane of the cross-section. In this case, the incident light at a particular wavelength excites a magnetic resonance, as was discussed in detail in our the previous work 42, 43 . The thickness, spacing and the average width of top and bottom nanostrip cross-sections (Fig. 1c) determine the wavelength at which magnetic resonance occurs 42 . The basic principle behind such a resonant property is as follows. If the electric field is parallel to the cross-section of the nanostrips (E along the x-asix in Fig. 1d ) the magnetic field is oriented perpendicular to the plane of the nanostrips (H along the y-axis in Fig. 1d ), and it would excite anti-parallel currents (antisymmetric plasmon polariton wave) in the pair of nanostrips. Near such resonance, the effective magnetic permeability of the structure changes sign and this resonant behavior corresponds to a minimum in the transmission spectrum as shown in Fig. 1(c) . On the other hand, no resonant behavior is expected in the case of the so-called TE polarized wave, when the magnetic field of the incident wave is parallel to the cross-section of the nanostrips (H along the x-axis in Fig. 1d ) and the electric field is parallel to the length of nanostrips (H along the y-axis in Fig. 1d) . Therefore, no minima in transmission spectrum should be expected in this case and the structure behaves as a dilute metal showing higher transmission at shorter wavelengths (Fig. 1c) . Essentially, apart from the novel engineered magnetic response such, an array of nanostrips operates as a wire grid polarizer that predominantly passes through the electric field component of light oscillating perpendicular to the wires (TM-polarized wave). However, the picture of light interaction with such nanostructures completely changes when the structure is designed to couple to the magnetic field component of incoming light. Until now, most of the studies of magnetic MMs focused on either pure TE or pure TM polarized plane wave transmission. Here, we show that remarkably new effects take place when such structures are exposed to vector vortex beams. Before discussing the experimental and modeling results, let's qualitatively predict the effect of the metamagnetic structure on light linearly polarized at an angle to the grating axes, as shown in Fig. 1(d): i. At wavelengths ''off'' magnetic resonance, the ''linear polarizer'', predominantly affecting the electric field component aligned with the nanostrips E y component (projection of E-field along y-axis), is expected to dominate; ii. At wavelengths close to the magnetic resonance, the electric field component aligned with the nanostrips E y would still be affected by the same ''linear polarizer'' effect, but now, the presence of the magnetic resonance would result in an effective ''magnetic polarizer'' that would pass the H x component (projection of H-field along x-axis) and reduce the magnetic field component parallel to the nanostrips H y and corresponding E x component. As a result both polarizers would affect light propagation. iii. Exactly at resonance, the ''magnetic polarizer'' effect is expected to be the strongest and it would predominantly pass the H x component.
In order to validate these predictions, we designed and fabricated three groups of magnetic MM samples on fiber: Group 1, ''on-resonance samples'', was designed such that the magnetic resonance coincides with the wavelength of the HeNe laser source (l 5 633 nm); Group 2, ''off-resonance samples,'' was designed such that the 633 nm corresponded to an off-resonance spectral range; and Group 3, ''reference samples,'' was fabricated such that those samples have the same pitch/period parameters as the on-resonance group, but consisted of only one metal layer with the same total metal thickness as other samples. Group 3 samples were used to confirm the origin of the magnetic resonance due to the three-layer MMs structure, i.e. in reference samples with no multilayer, no magnetic resonance was observed. The parameters and transmission spectra for Group 1 and 2 are shown in Supplementary Materials.
A radially polarized vortex beam was generated by transmitting a circularly polarized beam through a subwavelength metallic concentric ring pattern fabricated on the cross-section of a few-mode fiber, as shown in Fig. 2(a) -(c) 44, 45 . The concentric ring pattern transmits the radial component of the beam and blocks the azimuthal component (Fig. 2d) . Using Jones matrix formalism we find that if we consider initially Left Hand Circular polarized light being transmitted through such ring pattern, the transmitted beam would be a radially polarized vortex beam with OAM of 1:
First, the MM fiber was removed in order to observe and characterize the vortex itself. Using a CCD camera we observed a donut-shaped beam (Fig. 2e) at the output of a setup schematically shown in Fig. 2(a) . However, it should be mentioned that an observation of a donut-shaped intensity profile does not prove that the cylindrical beam carries any topological charge. The presence of a singularity can be observed by overlapping a vortex beam with a spherical wave, resulting in a spiral interference pattern shown in Fig. 2(f) , or with a tilted plane wave, resulting in a fork-like interference pattern. Next, we numerically and experimentally studied interactions of radially polarized optical vortices with magnetic MM structures. Figure 3(a) shows the schematic of the experimental setup. Calculated and measured intensity profiles and calculated instantaneous polarization vector distributions for the case of off-resonance interaction are shown in Fig. 3(b) and (d), respectively, and for the case of on-resonant interaction in Fig. 3(c) and (e), respectively. Calculated polarization distributions support our earlier prediction that while in the off-resonance case, the magnetic MM acts similar to a wire polarizer that converts radially polarized beam into a nearly linearly polarized one (Fig. 3b) , significantly more complex polarization states can be obtained in an on-resonance case due to coupling of both electric and magnetic field components of light to the structure. However, we note that experimentally recorded intensity profiles do not provide sufficient information about the physics of the lightmatter interaction. Therefore, next we comprehensively studied polarization state and OAM characteristics of the output beam.
First we investigated the output polarization state and intensity profiles after the incident radially polarized vortex beam interacted with the off-and on-resonance magnetic MM. In order to analyze the state of polarization, we inserted a rotating analyzer just before the CCD (both in numerical simulations and in experiments). The results of these studies are shown in Fig. 4 and can be summarized as follows: i) in the off-resonance case, the MM structure acts mainly as a grating polarizer resulting into a 2-lobes pattern with a major darkline remaining in the same direction independent of the position of the linear polarizer (analyzer); ii) in the on-resonance case, the pattern evolves from a 2-lobes pattern to a nearly donut shaped pattern with a major dark-line rotating with the analyzer. Figure 4 shows the measured and calculated evolution of the beam profile and local instantaneous polarization direction obtained in numerical simulations as a function of the angle of rotation of the analyzer. In both the experiments and simulations it is assumed that h 5 0u corresponds to a vertically positioned high-transmission axis of the analyzer, which means that we expect to observe high transmission of the bright lobes in Fig. 4 for the on-resonance case, and low transmission of the bright lobes in the offresonance case. From experiments we find that the direction of the dark-line for the off-resonance sample is nearly unchanged as a function of angle, while the direction of dark-line for on-resonance sample is rotating. In addition, we performed the same analysis using a reference sample that has the same pitch/period as the on-resonance sample but only one 90 nm Ag layer. We found that the results of light interaction with the reference sample are identical to those in the case of the off-resonance sample. This proves our prediction that in an off-resonance the MM mainly acts as a wire polarizer and once again confirms that the magnetic resonance that originates from the metal-dielectric-metal structure is strongly wavelength dependent and dominates in the on-resonance radially polarized vortex-MM interaction. Note that while excellent agreement between experimental and modeling results is observed in the on-resonance case (intensity pattern rotation follows the analyzer rotation), in the off-resonance case good qualitative agreement is found for the range of angles from 30u to 105u in that the intensity pattern is not rotating, while at other angles some rotation direction of the intensity pattern is observed. The apparent mismatch between the experiments and simulations could be understood as follows. For an ideal wire polarizer and no magnetic resonance effect, we would expect to observe the dark-line in exactly the vertical direction, at all angles of rotation of the analyzer in both the experimental and numerical cases. However, there are several factors that could contribute to the deviation from vertical direction of the dark-line orientation. In the experiments, this deviation is likely to originate from an imperfect alignment of the sample. In simulations, the deviation could be explained as follows. While the ''wire polarizer'' effect dominates in the off-resonance case, the magnetic permittivity in the vicinity of the resonance does not reach 1 and, therefore, still enables some magnetic field coupling to the structure. Thus, the rotating pattern that we observe in numerical simulations is due to incomplete vanishing of the magnetic resonance effect. The intensity of the rotating part of the beam however, is much lower than that in the bright intensity lobes and thus was not easily observable in the images captured by the CCD camera in the experimental studies. Clear indication of the presence of those additional lobes in the experimental result can be seen at 0u and 165u. In the range of angles from 30u to 105u the effect of wire polarizer dominates but the effect of magnetic resonance still contributes to the overall intensity pattern resulting in some rotation of the dark-line. However, the most important conclusion following from these studies is that in the off-resonance case the direction of the dark-line does not follow the rotation of the analyzer, while the absolute value of the fixed angle may deviate from zero degrees with respect to the vertical direction. Finally, comparing the interference patterns of the original radially polarized vortex with a spherical reference beam, and those transmitted through the on-resonance and off-resonance magnetic MMs, we conclude that neither on-resonance, nor off-resonance interactions of the radially polarized vortex beam with magnetic MMs changes the OAM state of the incident beam (spiral interference patterns are shown in supplementary materials). Indeed, it was previously shown that although spin-to-orbit conversion can be achieved using subwavelength structures including subwavelength gratings, such conversion relies on space-variant phase modification induced by transversely inhomogeneous gratings or on discontinuities in the spatial profile of the subwavelength structures [46] [47] [48] .The subwavelength structure of the magnetic MMs considered here is space-invariant and contains no discontinuities. Therefore, the OAM of the incoming beam is preserved, while its complex polarization state can be manipulated independently by tuning the spectral characteristics of the structure around magnetic resonance.
Discussion
In summary, we designed and demonstrated an all-fiber based complex light-MM system and performed a detailed study of the interactions of a radially polarized vortex beam with magnetic MMs. Our studies indicate that propagation of a radially polarized vortex beam in magnetic MMs results in changes of the polarization state of the beam on-and off-magnetic resonance that can be designed and controlled with very high precision, while orbital angular momentum remains intact. Most importantly, these studies highlight how unique properties of MMs, namely the ability to manipulate both electric and magnetic field components of EM waves open new degrees of freedom in engineering complex polarization states of light at will, while preserving the OAM state. These results represent the first steps in manipulating complex light in optical fibers, likely providing new opportunities for multidimensional communication, quantum information, optical trapping and on-chip signal processing.
Methods
Deposition. Both the concentric rings structures and magnetic MMs structures were fabricated on the transverse cross section of a SM800 fiber. 10 cm long pieces of fiber were cleaved using a high precision fiber cleaver (CT-32) with a typical cleave angle of 60.5u. Well cleaved fibers were cleaned under a standard acetone-methanoldeionized water ultrasonic cleaning procedure. The 200 nm Ag or metal-dielectricmetal layers were deposited in a customized Angstrom evaporation system. In order to improve the adhesion of the Ag layers, a two nanometer thick Titanium (Ti) layer was deposited on the fiber cross-section surface by electron beam evaporation. Standard electron beam evaporation was used to deposit the 30 nm Ag layers. 30 nm LiF was deposited by thermal evaporation.
Patterning. Optical fibers with the metal or metal-dielectric-metal coating were mounted on the 45u side of a standard 45u stub by using carbon tape. Alignment markers, which were not necessary for concentric rings fiber, were put on the jacket of each MMs fiber to indicate the nanostrips' direction for future experiments. These markers made it easier to determine the TE and TM polarization mode of MMs for the propagating light. The patterns were made by focus ion beam (FIB) in a Zeiss AURIGA CrossBeam Workstation (FIB-SEM). A pattern area of 8 mm 3 8 mm (radius 4 mm for concentric ring pattern) ensured that the entire core area of the fiber was covered. The parameters of the resulting patterns were then measured using scanning electron microscopy (SEM) before the sample was removed from the AURIGA. 
